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vABSTRACT
Wireless technology communication has been continuously evolving towards
future fifth generation (5G), whereby multi-beam, multi-frequency, and low sidelobe
characteristics are required in the mobile base station. However, the low sidelobe level
of conventional mobile base station antenna led to more complex of feeding network
design in order to give an adequate excitation coefficients (amplitude and phase) to
array elements. Thus, the current base station antennas are difficult for wide frequency
use due to frequency range is limited. Subsequently in this research, an unequally
spaced microstrip linear antenna arrays is proposed. The radiation pattern synthesis for
low sidelobe and grating lobes suppression over wide frequency use are investigated.
In the first stage, a single antenna is designed at frequency 28 GHz followed by 16
element linear arrays in order to achieve the gain requirement for mobile base station
antenna. Next, the design of antenna arrays with sidelobe reduction is proposed. Three
configurations of linear antenna arrays are designed, which are equally spaced array
(ESA), unequally spaced array 1 (USA 1) and unequally spaced array 2 (USA 2) at
frequency f  = 28 GHz, f1 = 42 GHz and f2 = 56 GHz with a similar array aperture, in
order to investigate the antenna performance in wide frequency use characteristics.
USA 1 and USA 2 are having different center spacing of array (dc), which are
dc(USA1) = 0.6 mm and dc(USA2) = 0.5 mm, respectively. The simulation results are
obtained by using High Frequency Structure Simulator (HFSS). The good results were
observed, where the performance of sidelobe reduction are constant even though the
frequency changes. Due to the lack of measurement facilities at higher frequency than
18 GHz, the antenna arrays are redesigned at lower frequency, which are 12 and 18
GHz. In order to achieve a wide frequency operation, a wide frequency use of ESA⇤,
USA 1⇤ and USA 2⇤ feeding network (which notation ⇤ indicates that the frequency
of 12 GHz is chosen as reference) are designed by using Advanced Design System
(ADS). An equal line lengths (ln) with equal power ratio dividers were constructed.
The sidelobe reduced from -13 dB for ESA⇤ to -19 dB for USA 2⇤. The measurement
of S-parameter and radiation pattern are performed using a vector network analyzer
(VNA) and anechoic chamber, respectively. The measured results were presented and
a good correlation with simulations was observed. From the observation, the sidelobe
level and grating lobe suppression of USA 2⇤ is reduced rather well and recommended
for wide frequency band for 5G mobile base station antenna.
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ABSTRAK 
 
 
Teknologi komunikasi tanpa wayar terus berkembang untuk ke arah generasi kelima 
(5G), di mana pelbagai alur, pelbagai frekuensi dan cuping sisi rendah diperlukan di stesen 
pangkalan mudah alih. Walaubagaimanapun, stesen pangkalan mudah konvensional bercuping 
sisi rendah rangkaian penyuapan menyebabkan rangkaian penyuapan yang lebih komplek untuk 
menghasilkan pengujaan (amplitud dan fasa) yang cukup bagi setiap elemen. Maka, ketika ini, 
antena stesen pangkalan mudah alih adalah sukar untuk mencapai penggunaan julat frekuensi 
yang lebar kerana jalur frekuensi yang terhad. Seterusnya, tatasusunan antena mikrojalur linear 
bersela tidak sama dicadangkan. Sintesis corak radiasi untuk pengurangan cuping sisi dan cuping 
jeriji bagi penggunaan frekuensi yang lebar dikaji. Pada peringkat permulaan, antena tunggal 
pada frekuensi 28 GHz direkabentuk diikuti dengan rekabentuk tatasusunan linear 16 elemen 
bagi mencapai gandaan yang diperlukan oleh antena stesen pangkalan mudah alih. Seterusnya, 
rekabentuk tatasusunan antena dengan pengurangan cuping sisi dicadangkan. Tiga konfigurasi 
tatasusunan antena linear telah direkabentuk, iaitu tatasusunan sama jarak (ESA), tatasusunan 
tidak sama jarak 1 (USA 1) dan tatasusunan tidak sama jarak 2 (USA 2) pada frekuensi 𝑓𝑜 = 28 
GHz, 𝑓1 = 42 GHz dan 𝑓2 = 56 GHz dengan bukaan tatasusunan yang sama untuk kajian ke atas 
prestasi antena dalam ciri frekuensi lebar. USA 1 dan USA 2 mempunyai jarak antara elemen di 
tengah tatasusunan yang tidak sama, di mana 𝑑𝑐(𝑈𝑆𝐴 1) = 0.6 𝑚𝑚 dan 𝑑𝑐(𝑈𝑆𝐴 2) = 0.5 𝑚𝑚. 
Simulasi dilakukan menggunakan High Frequency Structure Simulator (HFSS). Hasil keputusan 
yang baik diperolehi, iaitu tahap pengurangan cuping sisi adalah tetap walaupun frekuensi 
berubah. Disebabkan oleh kekurangan fasiliti pengukuran pada frekuensi tinggi melebihi 18 
GHz, tatasusunan antena telah direkabentuk semula pada frekuensi 12 dan 18 GHz. Untuk 
mencapai operasi frekuensi yang lebar, rangkaian penyuapan antena berfrekuensi yang lebar 
untuk ESA*, USA* dan USA 2* (di mana tanda * menunjukkan frekuensi 12 GHz dipilih sebagai 
rujukan) direkabentuk menggunakan Advanced Design System (ADS). Rangkaian pembahagi 
kuasa dengan panjang laluan (ln) yang sama telah direkabentuk. Cuping sisi telah dikurangkan 
daripada -13 dB bagi ESA* kepada -19 dB bagi USA 2*. Pengukuran ke atas parameter-S dan 
corak radiasi masing-masing dibuat menggunakan Vector Network Analyzer (VNA) dan ruang 
bebas gema. Keputusan yang baik ditunjukkan untuk simulasi dan pengukuran. Daripada 
pemerhatian, pengurangan cuping sisi dan cuping jeriji yang baik bagi tatasusunan tidak sama 
jarak 2* (USA 2*) telah diperolehi dan ia dicadangkan untuk jalur frekuensi yang lebar bagi 
antena pangkalan mudah alih generasi kelima (5G). 
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CHAPTER 1
INTRODUCTION
1.1 Research Background
Mobile communications systems have continuously evolved and revolutionized
the way people communicate, where the systems changed from fixed “point-to-point”
to wireless that has more advantages. In future, the fifth generation (5G) mobile system
is the new technology that will drive the future communication evolution, through
increase data capacity and lower latency [1, 2]. However, the spectrum below 6 GHz is
congested, therefore the spectrum above 6 GHz is being considered for the upcoming
5G mobile technology [3].
The Federal Communications Commission (FCC) of the United States (US)
allocated the frequency of spectrum bands above 24 GHz as operation band for mobile
services [4], where operation in a new millimeter frequency band is a way to avoid the
overcrowded lower frequency spectrum. This frequency band provides large amount
of spectrum to exploit large bandwidths in order to achieve very high data rates
communication systems for high speed and efficient use [5].
In order to support 5G demands, wideband, low cost and low interference base
station antenna design has attracted the attention from both academia and industry.
For this next 5G mobile communication system the distance between the antennas is
getting closer due to high frequency use. Thus base station antennas are requested
to achieve multi-band and low sidelobe level (SLL) characteristics [6, 7], where the
SLL should be less than -15 dB to reduce the interference from the other signal [8, 9].
Multi-band base station antenna design is one of the ways to avoid crowded installation
space due to limitation of the future antenna installation space such as on tower and
the roof of a building [10, 11]. One of the interests of designing the low sidelobe level
over wide frequency use antenna is on microstrip unequally spaced antenna arrays.
2Unequally spaced antenna arrays is a nonuniform array or unequal spacing
between adjacent element, which is able to control the radiation pattern [12]. Many
techniques have been proposed which has been presented and reported in [13, 14, 15]
where a lot of effort has been done on the unequally spaced antenna arrays. A
configuration of unequally spaced arrays provides low sidelobe characteristics over
wide frequency use, while this configuration is having uniform excitation coefficient
(amplitude and phase) in all array elements.
An excitation coefficients to antenna arrays elements is determined by a feeding
network, where the changes of frequency operations will change an electrical length
of transmission line and resulting a phase shift [16, 17]. Parallel feed has a well
controlled aperture distribution compared to series feed, which suffer from inherent
phase difference caused by the differences in lengths of feed lines. Thus, the design of
a parallel feed network achieving equal excitation coefficients in the wide frequency
range is seemed to be the solution [18] .
Besides, it is required to have equal magnitude and phase coefficients with
non-frequency dependence for wide frequency use implementation, which can be
obtained by designing feeding network with uniform line length [18]. Thus, unequally
spaced arrays are deemed as the potential candidates due to their ability to achieve
low sidelobe levels and suppress grating lobes in wide frequency use operations
[12, 13, 14].
Therefore, in this thesis, an unequally spaced microstrip linear antenna arrays
using a wide frequency use of feeding network, that offers a low sidelobe level is
presented. The spectrum above 6 GHz, which is 28 GHz is chosen as the designated
frequency band due to the availability of the band for mobile services [3, 4] and
also led to the increasing of bandwidth. However, the frequency will be scaled
down to 12 and 18 GHz for realization purpose, due to the limitation of radiation
pattern measurement in higher frequency. Commercial electromagnetic simulators
were employed in designing the feeding network and antenna array. For the feeding
network design, the Advanced Design System (ADS) is more easier to be employed.
Then, the design of antenna arrays and their analysis performance are implemented in
High Frequency Simulation Simulator (HFSS). Lastly, the feeding network from ADS
will be exported to HFSS simulator and the analysis of performances are performed in
HFSS.
31.2 Problem Statement
Practically, the higher frequency use caused a shorter wavelength, which leads
the future base station antennas to have closer distance to each other compared
to the present mobile base station antenna. Consequently, it will increase the
interference with another communication. Thus, in order to counter the effects of
attenuations, which reduce the strength of the signal, the mobile system shall deploy
antenna with higher gain [19, 20, 21]. The higher gain antenna has a signal that is
confined to a narrow solid angle [7] that can reduce the interference with another
communication system. However, Andrews in [22] stated that high gain in the
narrow beam communication is new to cellular communications. In addition, network
modeling, analysis, design and optimization for preliminary status and spectrum 5G
standardization are other challenges [22].
Besides, low sidelobes are required in order to reduce interference with another
frequency reuse cell [23, 24, 25, 26], where interference can be reduced by the
reduction of the unwanted upper sidelobes, that is directed towards the neighboring
cells. Due to that, near-in sidelobe reduction methods by designing unequal array
spacing have been proposed in [27, 28, 29, 30, 31]. However, these previous works
were mainly focused on theoretical and numerical. Functional antenna configurations
and the acquired antenna characteristics should be clarified in the applications of
unequal spaced array for the upcoming 5G mobile. In addition, there has been no
investigation made for the sidelobe level performance over wide frequency use.
For base station antenna, low sidelobe characteristics are achieved by giving
adequate excitation coefficients (amplitude and phase) to array elements [32]. In this
case, the feeding network is composed of many power dividers and feeder lines that
have different values. Here, phase values, which is determined by feeder line lengths
have severe frequency dependence. Therefore, the present base station antennas are
difficult for wide frequency use. In order to achieve an unequally spaced array over a
wide frequency use, a suitable feeding network circuit must be developed. Generally,
excitation coefficients for unequally spaced array elements are uniform. Hence, T-
junctions were proposed to be constructed with equal power division and phase.
Therefore, the main design was subjected to the feeding network that must have equal
line lengths from input point to the array elements which is placed in unequal spacing.
The equality of line lengths ensures wide frequency use operation [13]. In addition, in
future 5G mobile system, wide frequency or multi-band antenna is requested [33] to
provide multifunctional operations for mobile communication [34].
4Therefore, by considering these problems in designing the upcoming 5G base
station antenna, the unequally spaced linear antenna arrays will be proposed in order to
achieve low sidelobe over wide frequency use operation, which is one of the features
for future 5G mobile base station antenna. Through this research, three configurations
of microstrip linear antenna arrays with the same array aperture have been proposed
that consist of equally spaced array (ESA), unequally spaced array 1 (USA 1) and
unequally spaced array 2 (USA 2). The respective center spacing between element of
USA 1 and USA 2 are 0.6   and 0.5  , while the array apertures are similar for both
designs. The ESA design is chosen as a benchmark of the array, where the results of
USA 1 and USA 2 are compared to ESA.
1.3 Objectives of the Research
The objectives of this research are stated as follows:
i. To design a microstrip single patch antenna and unequally spaced microstrip
linear antenna arrays for base station with high gain and low sidelobe level in
5G frequency band.
ii. To design the feeding network and integrate it with unequally spaced microstrip
linear antenna arrays for high gain and low sidelobe level.
iii. To design the unequally microstrip linear antenna arrays at frequency 12 GHz
and 18 GHz for realization due to the limitation of radiation pattern measurement
in higher frequency in order to achieve high gain and low sidelobe over wide
frequency use.
1.4 Scope of the Research
This research focuses on the design of an unequally spaced linear antenna
arrays in the 5G frequency band. In order to achieve the research objectives, there are
several steps to be completed. The designs consist of microstrip single patch antenna,
microstrip antenna arrays, feeding network design and the combination of feeding
network and microstrip antenna arrays. Firstly the microstrip single patch antenna
at 28 GHz with the various types of feeding is designed, simulated and optimized. The
characteristics of a feeding technique is studied based on antenna gain, return loss,
5bandwidth and radiation pattern, and the suitable feeding technique is selected for the
use in the design of antenna arrays. Next, the characteristics and performance of the
antenna arrays are investigated at frequency 28, 42 and 56 GHz.
In order to observe the microstrip linear antenna array’s sidelobe level,
measurement of radiation pattern was taken in an anechoic chamber. In this work, the
characteristics of the antenna such as gain, impedance bandwidth, radiation pattern,
reflection coefficient, amplitude and phase differences between output ports are
considered and discussed based on the requirements of 5G mobile system applications.
However, due to limitation of measurement in higher frequency, realization are done
at 12 and 18 GHz. The designs are referred to the parameters and specifications listed
in Table 3.1 in Chapter 3.
The simulation and optimization process of antenna design is performed using
High Frequency Structure Simulator (HFSS). While the feeding network is easier to
be designed by using Advanced Design System (ADS) due to the requirement of many
output ports. The RT/Duroid 5880 substrate (relative permittivity, "r = 2.2 and tangent
loss, tan  = 0.0009) is chosen due to its low loss with thickness of 0.508 mm. The
fabrication and measurement are performed to ensure that comparable performances
between simulated and measured results. The measurement of S-parameter is carried
out by using a vector network analyzer (VNA) and radiation pattern measurement is
performed in an anechoic chamber.
1.5 Contributions of the Research
Two major contributions are presented in this research, which are as follows:
i. The designs of microstrip linear unequally spaced arrays over wide frequency
use and its investigation on the effect of element spacing to the performance of
radiation pattern. The unequally spaced antenna arrays are designed at 28, 42
and 56 GHz, which results in approximately 3 dB sidelobe reduction compared
to equally spaced arrays. Then, realization at 12 and 18 GHz, which results
an approximately 6 dB sidelobe reduction compared to equally spaced antenna
array. All feeding ports having uniform amplitude and phase, then contribute to
low sidelobe level over wide frequency use.
6ii. The design of equal power division and non-frequency dependent of feeding
network with uniform excitation coefficient for each output port. In previous
works [13, 14, 27, 28, 29, 30, 35] were mainly theoretical and numerical in nature
whereas practical examples are much needed in the applications of unequally
spaced antenna array for the upcoming fifth generation (5G). Therefore in this
research, the 16 parallel output ports for three configurations of arrays, which
are the equally spaced array⇤ (ESA⇤), unequally spaced array 1⇤(USA 1⇤) and
unequally spaced array 2⇤ (USA 2⇤) are evaluated from the perspective of equal
amplitude and phase which notation ⇤ indicates frequency 12 GHz that chosen is
as reference. The large arrays are designed to have 16 elements due to the better
agreement between spaced tapered array (USA 1⇤ and USA 2⇤) and reference
patterns (ESA⇤) when optimum number of elements are used. The parallel
feeding network achieving equal excitation coefficients in the wide frequency
use has been designed, which is suitable for this antenna arrays’ configuration.
Thus, the wide frequency use antenna is achieved by employing this feeding
network, which results in constant sidelobe reduction even though the frequency
is changed. The sidelobe level is reduced from -13 dB, -16 dB and -19 dB for
the respective antenna array of equally spaced array ⇤ (ESA⇤ ), unequally spaced
array 2⇤ (USA 2⇤) and unequally spaced array 1⇤ (USA 1⇤).
1.6 Thesis Outline
This section discusses the thesis outline, which are organized into seven
chapters. In Chapter 1, the overview of the whole project is discussed, which includes
the research background, problem statement, objectives of the research, scope of the
research, contributions to the research, and thesis outline.
While, Chapter 2 focuses on the literature reviews, which started from an
overview of a 5G mobile communication system, followed by mobile base station,
microstrip patch antenna (MPA) and linear arrays. Then, the previous related works
are reviewed, which mainly focus on the design techniques, and characteristics of the
unequally linear antenna arrays and feeding network design. Chapter 3 discusses
the methodology of this research. This chapter presents the research work flows
of the whole research. Also, the process of overall antenna design and feeding
network design are shown by the flow chart. The design parameters and specifications,
optimization and simulation and measurement process, are introduced.
 
155 
 
 
 
 
REFERENCES 
 
 
1. T. S. Rappaport, J. N. Murdock and F. Gutierrez. State of the Art in 60 GHz 
Integrated Circuits & Systems for Wireless Communications. Proceedings 
of the IEEE, 2011. 99(8): 1390 – 1436. 
2. N. Al-Falahy and O. Y. Alani. Technologies for 5G Networks: Challenges 
and Opportunities. IT Professional, 2017. 19(1): 12 – 20. 
3. OFCOM. Spectrum above 6 GHz for Future Mobile Communications. 
Technical Report February. Retrieved March 10, 2015 
from:https://www.ofcom.org.uk/-data/assets/pdf-file/0023/69422/spectrum -
above-6-ghz-cfi.pdf. 2015. 
4. M. H. Dortch. Use of Spectrum Bands above 24 GHz for Mobile Radio 
Services. Technical Report. Federal Communications Commission. 2015. 
5. R. B. Waterhouse, D. Novak and C. Lim. Broadband Printed 
Sectorized Coverage Antennas for Millimeter-wave Wireless Applications. 
IEEE Transactions on Antennas and Propagation, 2002. 50(1): 12 – 16. 
6. M. Kijima, Y. Ebine and Y. Yamada. Development of a Dual-Frequency 
Base Station Antenna for Cellular Mobile Radios. IEICE Transaction on 
Communication, 1999. E82-B(4): 636 – 644. 
7. A. I. Sulyman, A. T. Nassar, M. K. Samimi, G. R. Maccartney, T. S. Rappaport, 
and A. Alsanie. Radio Propagation Path Loss Models for 5G Cellular Networks 
in the 28 GHZ and 38 GHZ Millimeter-wave Bands. IEEE Communications 
Magazine, 2014. 52(9): 78 – 86.  
8. R. B. Waterhouse, A. Nirmalathas, D. Novak and C. Lim. Broadband 
Printed Millimeter-wave Antennas. IEEE Transactions on Antennas and 
Propagation, 2003. 51(9): 2492 – 2495. 
9. L. C. Godara. Handbook of Antenna in Wireless Communications. CRC 
Press Taylor & Francis Group. 2001. 
10. A. Sajid, I. Adnan, N. R. Muhammad, D. B. Benjamin, M. S Khan, E. A. 
Dimitris and S. T. A. Tarron. Compact Multiband Microstrip Patch 
Antenna with U-Shaped Parasitic Elements. IEEE Antennas and Propagation 
 
156 
 
Society, AP-S International Symposium (Digest), 2015. 2015-October: 617–
618.  
11. Q. X. Chu, D. Z. Zheng and R. Wu. Multi-Array Multi-Band Base Station 
Antenna.   2017   International   Workshop on Antenna Technology:    Small 
Antennas, Innovative Structures, and Applications (iWAT). 2017. 137 – 139. 
12. M. I. Skolnik. Chapter 6: Nonuniform Arrays: In Antenna Theory, R. E. 
Collin and F. Zucker. New York: McGraw-Hill. 1969. 
13. D. D. King, R. F. Packard and R. K. Thomas. Unequally Spaced, Broad-Band 
Antenna Arrays. IRE Transactions on Antennas and Propagation, 1960. 8(4): 
380 – 384. 
14. R. F. Harrington. Sidelobe Reduction by Nonuniform Element Spacing. IRE 
Transactions on Antennas and Propagation, 1961. 9(2): 187 – 192. 
15. A. Ishimaru. Theory of Unequally-Spaced Arrays. IRE Transactions on 
Antennas and Propagation, 1962. 10(6): 691 – 702. ISSN 0096-1973. 
16. S. V. Hum. Radio and Microwave Wireless Systems: Antenna Arrays. 
http://www.waves.utoronto.ca/prof/svhum/ece422/notes/15-arrays2.pdf. 1 –
18. 2017. 
17. Pozar, D. M. Microwave and RF Wireless Systems. Wiley. 2000. 
18. N. A. Zainal, Y. Yamada and M. R. Kamarudin. Low Sidelobe and Widebad 
Characteristics of Density Tapered Arrays for 5G Mobile Systems. Jurnal 
Teknologi, 2016. 7(6 - 2): 71 – 76. 
19. F. Adachi. Wireless Past and Future-Evolving Mobile Communications 
Systems. IEICE Transaction Fundamentals, 2001. E84 - A(1): 55 – 60. 
20. D. L. Kie and D. Peck. High-data-rate Millimeter-wave Radios. IEEE 
Microwaves Magazine, 2009. 10(5): 75 – 83. 
21. S. R. Theodore, S. Sun, M. Rimma, H. Zhao, A. Yaniv, K. Wang, N. W. 
George, K. S. Jocelyn, S. Mathew and G. Felix. Millimeter Wave Mobile 
Communications for 5G Cellular: It Will Work! IEEE Access, 2013. 1: 335 
– 349. 
22. G. A Jeffrey, B. Stefano, W. Choi, V. H. Stephen, L. Angel, C. K. S. Anthony 
and J. C. Zhang. What will 5G Be? IEEE Journal on Selected Areas in 
Comunications, 2014. 32(6): 1065 – 1082. 
23. M. Agiwal, R. Abhishek and N. Saxena. Next Generation 5G Wireless 
Networks: A Comprehensive Survey. IEEE Communications Survey & 
Tutorials, Third Quarter 2016. 18(3): 1617 – 1655. 
 
157 
 
24. C. Beckman and B. Lindmark. The Evolution of Base Station Antennas for 
Mobile Communications. International Conference on Electromagnetics in 
Advanced Applications. 2007. 85 – 92. 
25. Y. K. Ivy et al. Base Station Antenna Selection for LTE 
Networks (White paper). Retrieved October 8, 2015 from COMMSCOPE: 
https: //www.scribd.com/document/309936758/BSA-Selection-forLTE-
Networks-WP-108976. 2015. 
26. Z. N. Chen and K. M. Luk. Antennas for Base Station in Wireless 
Communications. Mc Graw Hill. 2009. 
27. H. Unz. Linear Arrays with Arbitrarily Distributed Elements. IRE 
Transactions on Antennas and Propagation, 1960. 8(2): 222 – 223. 
28. A. Ishimaru. Unequally Spaced Arrays Based on the Poisson Sum Formula. 
IEEE Transactions on Antennas and Propagation, 2014. 62(4): 1549 – 1554. 
29. Y. T. Lo and S. W. A. Lee. A Study of Spaced-Tapered Arrays. IEEE 
Transaction on Antennas and Propagation, 1962. AP-14(1): 22 – 30. 
30. M. Skolnik et al. Statistically Design Density-Tapered Arrays. IEEE 
Transaction on Antennas and Propagation, 1964. 16(4): 408 – 417. 
31. N. A. Zainal, M. R. Kamarudin, Y. Yamada, N. Seman and M. Khalily. Sidelobe 
Reduction of Unequally Spaced Arrays for 5G Applications. 2016 10th 
European Conference on Antennas and Propagation, EuCAP 2016. 2016, 
vol. 5880. 4 – 7. 
32. M. Kijima, Y. Ebine and Y. Yamada. Development of a Dual-Frequency 
Base Station Antenna for Cellular Mobile Radios. IEICE Transactions on 
Communications, 1999. E82-B(4): 636 – 644. 
33. S. Chen and J. Zhao. The Requirements, Challenges, and Technologies 
for 5G of Terrestrial Mobile Telecommunication. IEEE Communications 
Magazine, 2014. 52(5): 36 – 43. 
34. M. Secmen. Multiband and Wideband Antennas for Mobile Communication 
Systems, Recent Developments in Mobile Communications - A 
Multidisciplinary Approach, InTechOpen, chap. 8. 2011, 143 – 166. 
35. B. Q. You, L. R. Cai and H. T Chou. Hybrid Approach for the Synthesis of 
Unequally Spaced Array Antenna with Sidelobe Reduction. IEEE Antennas 
and Wireless Propagation Letters, 2015. 14: 1569 – 1572. 
 
158 
 
36. N. T. Binh, N. Q. Dinh, Y. Yamada and N. Michishita. Design of Density 
Taper Array for Arbitral Density Distribution. International Conference on 
Advanced Technologies for Communications (ATC’16). 2016. 
37. T. Janevski. Traffic Analysis and Design of Wireless IP Networks. Boston, 
London: House, Artech. 2003. 
38. S. Y. Hui and K. H. Yeung. Challenges in the Migration to 4G Mobile 
Systems. IEEE Communication Magazine, 2003. 41(12): 54 – 59. 
39. A. Osseiran et al. 5G Mobile and Wireless 
Communications Technology, IEEE Communications Magazine, vol. 55. 
2017, 18. 
40. Cisco. Cisco Visual Networking Index: Global Mobile Data Traffic Forecast 
Update, 2016 - 2021. Technical Report. (White paper). Retrieved February 26, 
2017 from:https: //www.cisco.com/c/en/us/solutions/collateral/service-
provider/visual -networking-index-vni/mobile- white- paper-c11-520862. pdf. 
2017. 
41. M. Benisha, R. Thandaiah Prabu and V. Thulas Bai. Requirements and 
Challenges of 5G Cellular Systems. 2nd International Conference on Advances 
in Electrical, Electronics, Information, Communication and Bio-Informatics 
(AEEICB). 2016. 
42. X. Ge, J. Yang, H. Gharavi and Y. Sun. Energy Efficiency Challenges of 5G 
Small Cell Networks. IEEE Communications Magazine, 2017. 55(5): 184 – 
191. 
43. A. R. Kate, A. G. Joshua, N. David, E. C. Alexandra, L. H. Christopher, 
T. S. Matthew, D. H. Robert, S. A Michael, S. Damir, B. Maria, A. J. Jeffrey, 
D. H. Paul, F. W. Dylan, F. Ari, C. Jerome, C. Richard, G. Camillo, S. Jelena,  
S. Ruoyu, B. P. Peter, Q. Jeanne, M. Mohit and G. Nada. 
Measurement Challenges for 5G and Beyond: An Update from the National 
Institute of Standards and Technology. IEEE Microwave Magazine, 2017. 
18(5). 
44. O. Afif, B. Federico, B. Volker, K. Katsutoshi, M. Patrick, M. Michal, 
Q. Olav, S. Malte, S. Hans, T. Hidekazu, T. Hugo, A. U. Mikko, T. Bogdan, 
and M. Fallgren. Scenarios for 5G Mobile and Wireless Communications: 
The Vision of the METIS Project. IEEE Communications Magazine, 2014. 
52(5): 26 – 35. 
 
159 
 
45. DMC R&D L. Center. Samsung Electronics Co. 5G Vision. White Paper, 
2015. 
46. F. Khan, Z. Pi and S. Rajagopal. Millimeter-wave Mobile Broadband with 
Large Scale Spatial Processing for 5G Mobile Communication. 50th Annual 
Allerton Conference on Communication, Control, and Computing (Allerton). 
2012. 1517 – 1523. 
47. D. Muirhead, M. A. Imran and K. Arshad. A Survey of Challenges, 
Opportunities and Use of Multiple Antennas in Current and Future 5G Small 
Cell Base Stations. IEEE Access, 2016. 4: 2952 – 2964. 
48. Z. Pi and F. Khan. An Introduction to Millimeter-wave Mobile Broadband 
Systems. IEEE Communications Magazine, 2011. 46(6): 101 – 107. 
49. P. Soma, L. C. Ong, S. Sun and M. Y. W. Chia. Propagation Measurements 
and Modeling of LMDS Radio Channel in Singapore. IEEE Journal & 
Magazines, 2003. 52(3): 595 – 606. 
50. N. M. James, B. D. Eshar, Y. Qiao, I. T. Jonathan and S. R. Theodore. A 
38 GHz Cellular Outage Study for an Urban Outdoor Campus Environment. 
IEEE Wireless Communications and Networking Conference: Mobile and 
Wireless Networks. 2012. 3085 – 3090. 
51. S. Rangan, T. S. Rappaport and E. Erkip. Millimeter-Wave Cellular Wireless 
Networks: Potentials and Challenges. Proceedings of the IEEE, 2014. 102(3): 
366 – 385. 
52. V. Chandrasekhar, J. G. Andrews and A. Gatherer. Femtocell Networks: A 
Survey. IEEE Communication Magazine, 2008. 46(9): 59 – 67. 
53. J. Wells. Faster Than Fiber: The Future of Multi-Gb/s Wireless. IEEE 
Microwave, 2009. 10(3): 104 – 112. 
54. J. H. Kim, Y. K. Yoon, Y. J. Chong and M. D. Kim. 28 GHz Wideband 
Characteristics at Urban Area. IEEE 2nd Vehicular Technology Conference 
(VTC2015-Fall). 2016. 1 – 3. 
55. P. Li, K. M. Luk and K. L. Lau. A Dual-Feed Dual-Band L-Probe Patch 
Antenna. IEEE Transactions on Antennas and Propagation, 2005. 53(7): 
2321 – 2323. 
56. K. Itoh, K. Konno, Q. Chen and S. Inoue. Design of Compact Multiband 
Antenna for Triple-Band Cellular Base Stations. IEEE Antennas and Wireless 
Propagation Letters, 2015. 14: 64 – 67. 
 
160 
 
57. L. Ma, R. M. Edwards and W. G. Whittow. A Multi-band Printed Monopole 
Antenna. 3rd European Conference on Antennas and Propagation. 2009. 962 – 
964. 
58. M. S. El-gendy, H. H. Abdullah and E. A. Abdallah. Mobile Base Station Dual 
Band Microstrip Antenna. IEEE Antennas and Propagation Society 
International Symposium (APSURSI). 2014. 
59. Y. B. Jung. A Compact Multi-band Reconfigurable Base-station Antenna 
for Next Generation Mobile Communication Base-station Applications. 2013 
International Conference on Connected Vehicles and Expo (ICCVE). 2013. 
767 – 768. 
60. A. El-Bacha and R. Sarkis. Design of Tilted Taper Slot Antenna for 5G Base 
Station Antenna Circular Array. IEEE Middle East Conference on Antennas 
and Propagation (MECAP). 2016. 
61. M. M. M. Ali and A. R. Sebak. Design of Compact Millimeter Wave 
Massive MIMO Dual-band (28/38 GHz) Antenna Array for Future 5G 
Communication Systems. 17th International Symposium on Antenna 
Technology and Applied Electromagnetics (ANTEM). 2016. 
62. P. L. Starke and G. G. Cook, eds. Optimisation of an Unequally Spaced 
Dual-Band and Printed Base Station Antenna Array Using a Marginal 
Distribution Technique, vol. 149. IEEE Proceedings-Microwave Antennas 
Propagation, 2002. 
63. I. Maina, T. A. Rahman and M. Khalily. Bandwidth Enhanced and Sidelobes 
Level Reduced Radial Line Slot Array Antenna at 28 GHz for 5G Next 
Generation Mobile Communication. ARPN Journal of Engineering and 
Applied Sciences, 2015. 10(14): 5752 – 5757. 
64. A. Safaai-Jazi. A New Formulation for the Design of Chebyshev Arrays. 
IEEE Transactions on Antennas and Propagations, 1994. 42(3): 439 – 443. 
65. C. A. Balanis. Antenna Theory: Analysis and Design, 3rd ed. 3rd ed. John 
Wiley and Sons. 2005. 
66. V. Rabinovich and N. Alexandrov. Antenna Arrays and Automotive 
Applications. Chapter 2: Typical Array Geometries and Basic Beam Steering 
Methods. Springer Science+Business Media New York. 2013. 
67. S. Hamid, M. T. Ali, N. H. A. Rahman, I. Pasya, Y. Yamada and 
N. Michishita. Accuracy Estimations of a Negative Refractive Index 
 
161 
 
Cylindrical Lens Antenna Designing. IEEE-APS Topical Conference on 
Antennas and Propagation in Wireless Communications (APWC). 2016. 
68. W. Sandrin, C. Glatt and D. Hague. Design of Arrays with Unequal Spacing 
and Partially Uniform Amplitude Taper. IEEE Transactions on Antennas and 
Propagation, 1969. 17(5): 642 – 644. 
69. M. N. M. Tan et al. Element Reduction Using Unequal Spacing Technique for 
Linear Array Antenna. Progress In Electromagnetics Research, 2010: 568 - 
572. 
70. Y. J. Li, B. Q. L. and Zhang, Q. Design and Research on a 24GHz Microstrip 
Array Antenna. Applied Mechanics and Materials, 2014. 556 - 562: 1770 – 
1774. 
71. SuŽarez, S., LeŽon, G., Arrebola, M., HerrŽan, L. F. and Las-Heras, 
F. Experimental Validation of Linear Aaperiodic Array for Grating Lobe 
Suppression. Progress In Electromagnetics Research, 2012. 26: 193 – 203. 
72. Barott, W. C. and Steffes, P. G. Grating Lobe Reduction in Aperiodic 
Linear Arrays of Physically Large Antennas. IEEE Antennas and Wireless 
Propagation Letters, 2009. 8: 406 – 408. 
73. T. Suda, T. Takano and Y. Kazama. Grating Lobe Suppression in an Array 
Antenna with Element Spacing Greater than a Half Wavelength. IEEE 
Antennas and Propagation Society International Symposium 2010. 2010. 1 – 4. 
74. H.   Schuman   and   B.      Strait.       The      Design of     Unequally   Spaced   
Arrays with Nearly Equal Sidelobes. IEEE Transaction Antennas and 
Propagation (Communications), 1968. 16(4): 493 – 494. 
75. B. P. Kumar and G. R. Banner. Generalized Analytical Technique for the 
Synthesis of Unequally Spaced Arrays with Linear, Planar, Cylindrical or 
Spherical Geometry. IEEE Transactions on Antennas and Propagations, 2005. 
53(2): 621 – 634. 
76. G. L. Huang, S. G. Zhou, T. H. Chio, H. T. Hui and T. S. Yeo. A 
Low Profile and Low Sidelobe Wideband Slot Antenna Array Fed by an 
Amplitude-Tapering Waveguide Feed-Network. IEEE Transactions on 
Antennas and Propagations, 2015. 63(1): 419 – 423. 
77. M. Li and K. M. Luk. A Low-Profile Unidirectional Printed Antenna 
for Millimeter-Wave Applications. IEEE Transactions on Antennas and 
Propagation, 2014. 62(3): 1232 – 1237. 
 
162 
 
78. T. Samaras, A. Kouloglou, J. N. Sahalos. A Note on the Impedance Variation 
with Feed Position of a Rectangular Microstrip-Patch Antenna. IEEE Antennas 
and Propagation Magazine, 2004. 46(2): 90–92. 
79. L. I. Basilio et al. The Dependence of the Input Impedance on Feed Position of 
Probe and Microstrip Line-Fed Patch Antennas. IEEE Transactions on 
Antennas and Propagation, 2001. 49(1):45–47. 
80. A. Kumar and P. R. Chadha. Microstrip Antenna for WLAN Application 
Using Probe Feed. IOSR Journal of Electronics and Communication 
Engineering (IOSR-JECE), 2013. 4(5): 56–59. 
81. J. D. Zhang, L. Zhu, Q. S. Wu, N. W Liu and W. A Wu. A Compact 
Microstrip-Fed Patch Antenna with Enhanced Bandwidth and Harmonic 
Suppression. IEEE Transactions on Antennas and Propagation, 2016. 
64(12): 5030 – 5037. 
82. D. M. Pozar and B. Kaufman. Increasing the Bandwidth of a Microstrip 
Antenna by Proximity Coupling. Electronics Letter, 1987. 23(8): 368–369. 
83. T. P. Wong and K. M. Luk. A Wide Bandwidth and Wide Beamwidth 
CDMA/GSM Base Station Antenna Array with Low Backlobe Radiation. 
IEEE Transactions on Vehicular Technology, 2005. 54(3): 903 – 909. 
84. K. Ikeda, K. I. Kagoshima and S. Obote. Bandwidth Enhancement of a Low-
Profile Microstrip Antenna Electromagnetically Coupled a Folded Inverted L-
Shaped Probe. Chiba, Japan: International Workshop on Antenna Technology: 
Small Antennas and Novel Metametarials, 2008 (iWAT 2008). 2008. 151 – 
154. 
85. V. G. Kasabegoudar and K. J. Vinoy. Coplanar Capacitively Coupled Probe 
Fed Microstrip Antennas for Wideband Applications. IEEE Transactions 
Antennas and Propagation, 2010. 58(10): 3131 – 3138. 
86. N. Gupta. Effects of Slot on Microstrip Patch Antenna. International 
Research Journal of Engineering and Technology (IRJET), 2017. 4(2): 1132 
– 1135. 
87. D. Sun, W. Dou and L. You. Application of Novel Cavity-Backed Proximity 
Coupled Microstrip Patch Antenna to Design Broadband Conformal Phased 
Array. IEEE Antennas and Wireless Propagation Letters. 9: 1010 – 1013. 
88. J. Anguera, C. Puente, C. Borja and J. Soler. Dual Frequency Broadband 
Microstrip Antenna with a Reactive Loading and Stack. Progress in 
Electromagnetics Research Letters, 2009. 10: 1 – 10. 
 
163 
 
89. L. Zhang, W. Zhang and Y. P Zhang. Microstrip Grid and Comb Array 
Antennas. IEEE Transactions on Antennas and Propagation, 2011. 59(11): 
4077 – 4084. 
90. L. J. Chen and M. J. Yan. Design of 24GHz Microstrip Phased Array 
Antennas with Low Side-Lobe. IEEE International Conference on Electronic 
Information and Communication Technology (ICEICT). 2017. 
91. Y. J. Li, B. Q. Li. and Q. Zhang. Design and Research on a 24 GHz Microstrip 
Array Antenna. Applied Mechanics and Materials, 2014. 556 - 562: 1770 – 
1774. 
92. F. Namin, T. G. Spence, D. H. Werner and E. Semouchkina. Broadband, 
Miniaturized Stacked-patch Antennas for L-Band Operation Base on 
Magneto-Dielectric Substrates. IEEE Transactions Antennas and 
Propagation, 2010. 58(9): 2817 – 2822. 
93. A.  A.   Deshmukh   and   K.   P.   Ray.   Broadband    Proximity    - Fed     
Modified Rectangular Microstrip Antennas. IEEE Antennas and Propagation 
Magazine, 2011. 53(5): 41 – 56. 
94. Z. Chen and Y. P. Zhang. FR4 PCB Grid Array Antenna for MillimeterWave 
5G Mobile Communications. IEEE International Microwave Workshop Series 
on RF and Wireless Technologies for Biomedical and Healthcare Applications 
(IMWS-BIO). 2013. 1 – 3. 
95. Z. X. Zhang, M. G. Fu and C. Chen. A 24 GHz Microstrip Array Antenna. 
International Conference on Computer Science and Network Technology. 
2011, vol. 1. 214 – 217. 
96. K. S. Chin, H. T. Chang and J. A. Liu. Design of LTCC Wideband Patch 
Antenna for LMDS Band Applications. IEEE Antennas and Wireless 
Propagation Letters, 2010. 9: 1111 – 1114. 
97. K. S. Chin, H. T. Chang, J. A. Liu, B. G. Chen, J. C. Cheng and J. S. Fu. Stacked 
Patch Antenna Array on LTCC Substrate Operated at 28GHz. 
Journal of Electromagnetic Waves and Applications, 2011. 25: 527 – 538. 
98. J. Yin, Q. Wu, C. Yu, H. Wang and W. Hong. Low-Sidelobe-Level Series-Fed 
Microstrip Antenna Array of Unequal Interelement Spacing. IEEE Antennas 
and Wireless Propagation Letters, 2017. 16: 1695 –1698. 
99. A. D. Philip, K. S. Kim, W. J. Byun and Y. B. Jung. Stacked 
Microstrip Linear Array with Highly Suppressed Sidelobe Levels and Wide 
 
164 
 
Bandwidth. IET Microwaves, Antennas and Propagation, 2017. 11(1): 17 – 
22. 
100. X. M. Zhang et al. Stacked Series-Fed Linear Array Antenna with Reduced 
Sidelobe. IET Journals & Magazines, 2014. 50(4): 251 – 253. 
101. K. Wincza and S. Gruszczynski. Microstrip Antenna Arrays Fed by a 
Series-Parallel Slot-Coupled Feeding   Network.  IEEE Antennas and Wireless  
Propagations Letters, 2011. 10: 991 – 994. 
102. S. Ogurtsov and S. Koziel. Systematic Approach to Sidelobe Reduction in 
Linear Antenna Arrays through Corporate Feed Controlled Excitation. IET 
Microwaves, Antennas & Propagation, 2017. 11(6): 779 – 786. 
103. P. Bhartia. Millimeter-Wave Microstrip and Printed Circuit Antennas. First 
edition ed. Artech Print on Demand; First Edition edition. 1990. 
104. D. M. Pozar. Microwave Engineering. New York: Wiley. 2005. 
105. S. S. Olokede, T. A. Almohamad, C. A. Adamariko and E. A. Jiya. A Novel T-
Fed 4-Element Quasi-Lumped Resonator Antenna Array. Radio engineering, 
2014. 23(2): 717 – 723. 
106. H. Errifi, A. Baghdad, A. Badri and A. Sahel. Design and Analysis of 
Directive Microstrip Patch Array Antennas with Series, Corporate and 
Series-Corporate Feed Network. International Journal of Electronics and 
Electrical Engineering, 2015. 3(6): 416 – 423. 
107. W. Yang, K. Ma, K. S. Yeo and W. M. Lim. A Compact High-Performance 
Patch Antenna Array for 60-GHz Applications. IEEE Antennas and Wireless 
Propagation Letters, 2016. 15: 313 – 316. 
108. P. Roy, R. K Vishwakarma, A. Jain and R. Singh. Multiband Millimeter 
Wave Antenna Array for 5G Communication. International Conference on 
Emerging Trends in Electrical, Electronics and Sustainable Energy System 
(ICETEESES-16), 2016. 
109. M. Ikram, R. Hussain and M. S. Sharawi. 4G/5G Antenna System with 
Dual Function Planar Connected Array. IET Microwaves, Antennas & 
Propagation, 2017. 11(12): 1760 – 1764. 
110. M. Zhang, D. Chen, L. Ye and Q. H. Liu. Wideband Design of Sub-arrays in 
a Q-band Partially-Corporate Fed Waveguide Slot Array. IEEE International 
Symposium on Antennas and Propagation & USNC/URSI National Radio 
Science Meeting, 2017. 2017. 
 
165 
 
111. F. F. Manzillo, M. Ettorre, M. S. Lahti, K. T. Kautio D. Lelaidier, E. Seguenot 
and R. Sauleau. A Multilayer LTCC Solution for Integrating 
5G Access Point Antenna Modules. IEEE Transaction on Microwave Theory 
and Techniques, 2016. 64(7): 2272 – 2283. 
112. Frequency Allocation Table. The International Telecommunication Union 
Table of Frequency Allocation contained in the current Radio Regulations, 
2013. 
113. W. Roh et al. Millimeter-Wave Beamforming as an Enabling Technology for 
5G Cellular Communications: Theoretical Feasibility and Prototype Results. 
IEEE Communication Magazine, 2014. (February): 106 – 113. 
114. H. Chu and Y. X. Guo. A Filtering Dual-Polarized Antenna 
Subarray Targeting for Base Stations in Millimeter-Wave 5G Wireless 
Communications. IEEE Transactions on Components, Packaging and 
Manufacturing Technology, 2017. 7(6): 964 – 973. 
115. A. F. Horn and A. J. Aguayo. Design Considerations in the Selection 
of High Frequency Materials for PCB Base Station Antennas. 
Retrieved June 3, 2014. Technical report. Rogers corporation: 
https://www. rogerscorp. com/documents/2160/acm/articles/Design-
Considerations- in-the-Selection-of-High-Frequency-Materials-for-PCB-Base-
Station-Antennas.pdf. 2014. 
116. R. E. Willey. Space Tapering of Linear and Planar Arrays. IRE Transactions 
on Antennas and Propagation, 1962. 10(4): 369 – 377. 
117. S. Takubo, Y. Tajima and Y. Yamada. Radiation Pattern Synthesis of an 
Unequally Spaced Array Antenna. 2000. 1210 – 1213. 
118. S. Didouh, M. Abri and F. T. Bendimerad. Corporate-Feed Multilayer Bow-Tie 
Antenna Array Design Using a Simple Transmission Line Model. Hindawi 
Publishing Corporation Modelling and Simulation in Engineering, 2012. 
(2012): 1 – 8. 
119. R. G et al., Microstrip Antenna Design Handbook. pp, 1-17. Boston, 
London: Artech House, INC. 2001. 
120. N. A. Zainal, N. H. Shahadan, J. Nasir, M. Khalily, M. R. Kamarudin and N. 
Seman Study of the Feeding Techniques of Microstrip Antenna at 28 GHz for 
5G Applications. Applied Mechanics and Materials. International Electrical 
Engineering Congress (iEECON 2014). 2015, vol. 781. 49–52. 
 
166 
 
121. M. A. Matin and A. I. Sayeed. A Design Rule for Inset-fed Rectangular 
Microstrip Patch Antenna. WSEAS Transaction on Communications, 2010. 
9(1): 63–72. 
122. D. Bhalla and K. Bansal Design of a Rectangular Microstrip Patch Antenna 
Using Inset Feed Technique. Journal of Electronics and Communication 
Engineering, 2013. 7(4): 8 – 13. 
123. Y. Hu, D. R. Jackson. T. Williams, S. A. Long and V. R. Komanduri. 
Characterization of the Input Impedance of the Inset-Fed Rectangular 
Microstrip Antenna. IEEE Transactions Antennas and Propagation, 2008. 
56(10): 3314 – 3318. 
124. A. D. Fund et Al. Metal Layer Losses in Thin-Film Microstrip on LTCC. IEEE 
Transaction on Components, Packaging and Manufacturing Technology, 2014.  
4(12): 1956 – 1962. 
125. L. C. Yu and M. R. Kamarudin. Investigation of Patch Phase Array Antenna 
Orientation at 28 GHz for 5G Applications. Procedia Computer Science, 
2016. 86(2016): 47 – 50. 
126. W. S. T Rowe and R. B. Waterhouse. Edge-Fed Patch Antennas 
with Reduced Spurious Radiation. IEEE Transaction on Antennas and 
Propagation, 2005. 53(5): 1785 – 1790. 
127. C. Y. Hsu, L. T. Hwang, F. S. Chang, S. M. Wang and C. F. Liu. 
A Broadband Probe-Fed 4 x 4 Array Antenna. IEEE 5th Asia-Pacific 
Conference on Antenna and Propagation (APCAP). 2016. 
128. A. Majumder. Rectangular Microstrip Patch Antenna Using Coaxial 
Probe Feeding Technique to Operate in S-Band. International Journal of 
Engineering Trends and Technology (IJETT), 2013. 4(4): 1206 – 1210. 
129. J. M. Kovitz and Y. R. Samii. Using Thick Substrates and Capacitive Probe 
Compensation to Enhance the Bandwidth of Traditional CP Patch Antennas. 
IEEE Transactions Antennas and Propagation, 2014. 62(10): 4970 – 4979. 
130. M. Manteghi. Wideband Microstrip Patch Antenna on a Thick Substrate. 
IEEE Antennas and Propagation Society International Symposium.2008.1-4. 
131. B. M. Alarjani and J. S. Dahele. Feed Reactance of Rectangular Microstrip 
Patch Antenna with Probe Feed. Electronics Letter, 2000. 36(5): 388 – 390. 
132. P. Gour and R. Mishra. Bandwidth Enhancement of a Backfire Microstrip 
Patch Antenna for Pervasive Communication. International Journal of 
Antennas and Propagation, 2014: 1 – 7. 
 
167 
 
133. A. A. Deshmukh and G. Kumar. Compact Broadband E-shaped Microstrip 
Antennas. Electronics Letter, 2005. 41(18): 989 – 990. 
134. B. D. P. Cristiano, C. D. N. Daniel and B. Ildefonso. An Efficient Technique 
for Design of Electrically Thick Differentially-Driven Probe-Fed Microstrip 
Antennas. Progress In Electromagnetics Research, 2014. 40: 37 – 44. 
135. S. D. Gupta and M. C. Srivastava. Multilayer Microstrip Antenna Quality 
Factor Optimization for Bandwidth Enhancement. Journal of Engineering 
Science and Technology, 2012. 7(6): 756 – 773. 
136.  J. S. Park et al. A Tilted Combined Beam Antenna for 5G Communications 
Using a 28-GHz Band. IEEE Antennas and Wireless Propagation Letters, 
2016. 15: 1685 – 1688. 
137. A. I. Sulyman et al. Radio Propagation Path Loss Models for 5G Cellular 
Network in the 28 GHz and 38 GHz Millimeter-Wave Bands. IEEE 
Communication Magazine, 2014. 52(9): 78 – 86. 
138. F. Ayoub and C. T. Christodoulou. The Effect of Feeding Techniques on the 
Bandwidth of Millimeter-wave Patch Antenna Arrays. United States National 
Committee of URSI National Radio Science Meeting (USNC-URSI NRSM). 
2014. 
139. L. I. Sánchez et al. Proximity Coupled Microstrip Patch Antenna 
with Reduced Harmonic Radiation. IEEE Transactions and Antennas 
Propagation, 2009. 57(1): 27 – 32. 
140. J. M. Robert. Phased Array Antenna Handbook. Second Edition. Artech 
House. 2005. 
141. A. T. Nassar, A. I. Sulyman and A. Alsanie. Radio Capacity Estimation for 
Millimeter Wave 5G Cellular Networks Using Narrow Beamwidth Antennas 
at the Base Stations. International Journal of Antennas and Propagation, 2015. 
2015: 1 – 6. 
142. C. R. Company, ed. Fundamentals of Single Side Band, Chapter 9 High 
Frequency Antenna. 2nd ed. Collins Radio Company, 1959. 2008. 
143. A. Vosoogh et al. Simple Formula for Aperture Efficiency Reduction Due to 
Grating Lobes in Planar Phased Arrays. IEEE Transactions on Antennas and 
Propagation, 2016. 64(6): 2263 – 2269. 
144. R. Q. Lee, R. Acosta and K. F. Lee. Radiation Characteristics of Microstrip 
Arrays with Parasitic Elements. Electronics Letters, 1987. 23(16): 835 – 
837. 
 
168 
 
145. D. F. Guan et al. Compact Microstrip Patch Array Antenna with Parasitically 
Coupled Feed. IEEE Transaction Antennas Propagation, 2016. 64(6): 2531 – 
2534. 
146. T. M. Au and K. M. Luk. Effect of Parasitic Element on the Characteristics of 
Microstrip Antenna. IEEE Transaction Antennas Propagation, 1991. 39(8): 
1247 – 1251. 
147. B. Rochani and R. Raj. Design of Broadband Microstrip Patch Antenna 
with Parasitic Elements. International Journal of Advanced Research in 
Electrical, Electronics and Instrumentation Engineering, 2014. 3(6). 
148. R. Raut and K. Talandage. Bandwidth and Gain Enhancement of 
Rectangular MSA by Using Parasitic Patch and Capacitive Feeding 
Technique for Wideband Application. International Conference on 
Microwave, Optical and Communcation Engineering. 2015. 
149. N. A. Zainal, Y. Yamada, M. R. Kamarudin and N. Seman. Radiation Pattern 
Performance of Unequally Microstrip Linear Arrays with Parasitic Element. 
Indonesian Journal of Electrical Engineering and Computer Science, 2017. 
6(1): 110–115. 
150. A. A. Dheyab and K. A. Hamad. Improving Bandwidth Rectangular Patch 
Antenna Using Different Thickness of Dielectric Substrate. ARPN Journal 
of Engineering and Applied Sciences, 2011. 6(4): 16 – 21. 
151. A. Sabban. Microstrip Antennas: Microstrip Antenna Arrays. INTECH. 
2011. 
152. R. L. Haupt. Antenna arrays: A Computational Approach. John WILEY & 
Sons, Inc. Publication. 2010. 
 
 
 
 
 
 
 
 
 
 
 
